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Abstract 
Van der Waals (vdWs) crystals have attracted a great deal of scientific attention due to their 
interesting physical properties and widespread practical applications. Among all, CrSiTe3 (CST) 
is a ferromagnetic semiconductor with the Curie temperature (TC) of ~32 K. In this letter, we study 
the magnetic properties of bulk CST single crystal upon proton irradiation with the fluence of 
1×1018 protons/cm2. Most significantly, we observed an enhancement (23%) in the saturation 
magnetization from 3.9 µB to 4.8 µB, and is accompanied by an increase in coercive field (465-542 
Oe) upon proton irradiation. Temperature dependent X-band electron paramagnetic resonance 
measurements show no additional magnetically active defects/vacancies that are generated upon 
proton irradiation.  The findings from X-ray photoelectron spectroscopy and Raman measurements 
lead us to believe that modification in the spin-lattice coupling and introduction of disorder could 
cause enhancement in saturation magnetization. This work demonstrates that proton irradiation is 
a feasible method in modifying the magnetic properties of vdWs crystals, which represents a 
significant step forward in designing future spintronic and magneto-electronic applications. 
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Irradiation with protons, neutrons, electrons, and swift heavy ions has been shown to be an 
effective method in inducing and manipulating the magnetic and electronic properties of several 
advanced materials including graphite, MoS2 single crystals, 4H-SiC, LaMnO3, La0.9Ca0.1CoO3, 
carbon nanotubes, fullerenes, GaAs: Cr, MgO, and other materials1–21. For instance, it has been 
shown that it is possible to introduce ferromagnetism in non-magnetic materials such as proton 
and electron irradiated MoS2 single crystals
1,14; proton irradiated graphite, fullerenes, TiO2, and 
4H-SiC; and neutron irradiated MgO single crystals2,3,12,13,16,18. The radiation induced defects and 
vacancies were believed to generate ferromagnetism in the above materials. Interestingly, it is also 
shown that neutron and electron irradiation can be employed in manipulating the magnetic 
properties of magnetically active materials such as LaMnO3 (antiferromagnetism to 
ferromagnetism) and La0.9Ca0.1CoO3 (increase in magnetization)
7,21. These changes were 
attributed to ion displacements and lattice expansion. In addition, proton irradiation has been 
shown to drastically modify the electrical properties of GaAs: Cr, carbon nanotubes, WSe2 and 
MoS2 field effect transistors
10,11,15,20 due to proton induced traps and hydrogen attachment. Using 
first principles calculations, Komsa and co-authors have studied the response of two-dimensional 
inorganic materials to electron irradiation22. 
The effect of proton and other sources of radiation on functional materials and devices is a 
subject of current intensive interest because vdWs materials-based nanoelectronics and data 
storage devices, if successful, will be used in future Earth orbit and solar system explorations. 
However, proton irradiation is uncommon on Earth, but represents the majority of cosmic radiation 
incident to the Earth’s atmosphere. Studying the effects of proton irradiation on vdWs materials 
can give clues as to their general behavior when irradiated in space environments as exemplified 
in recent reviews23,24 and report25. 
Tuning the magnetic properties of vdWs crystals is a central topic of recent studies because 
of its fundamental significance for next generation low power spintronics and magnetoelectronic 
applications at the monolayer level26–31. Therefore, vdW materials have piqued many research 
groups due to the exciting physical properties these materials exhibit. Layer dependence, electric 
field, electrostatic doping, and mixed halide chemistry have been shown to control the magnetic 
properties (saturation magnetization, coercive field, and magnetic order) of these materials26–31. 
For instance, CrI3 is a ferromagnetic material at ~ 61 K in bulk form. By exfoliating this material 
to a few layers, its magnetic ordering (Curie) temperature (TC) decreases to 45 K
28. Another 
example is an itinerant ferromagnetic compound known as Fe3-xGeTe2 (FGT)
27, which has recently 
garnered a great deal of attention. FGT has a TC at ~220 K. Most interestingly, the authors 
demonstrated27 the robust ferromagnetic nature of FGT when reduced to a monolayer and by 
applying an external electric field, the group was able to tune FGT’s magnetic properties. Among 
the possible sources, the effect of proton irradiation on the magnetic properties of vdWs magnetic 
crystals received no attention to date. That forms the motivation for this work. 
A worthy vdW material to study is CrSiTe3 (CST), a semiconductor with a bandgap of 0.7 
eV and ferromagnetic ordering at ~ 32 K32–35.  CST is made up of three unit cells stacked in an 
ABC sequence and its magnetic ion (Cr3+) is located in the center of a slightly warped octahedral 
of Te atoms. In this structure, the Cr ions form a honeycomb sub-lattice that has Si pairs in the 
center of the hexagons. CST crystallizes in the rhombohedral crystal structure, described by R3. 
The super-exchange interactions via the chalcogenide atoms for CST are ferromagnetic, and the 
ferromagnetic interactions are also favored when (i) the Cr-Cr distances increases and (ii) by the 
covalent character of the Cr-X (X = S, Se, Te) bonds. Strong spin—lattice coupling is also reported 
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on CST33. Most importantly, prior research has shown that this material can be exfoliable to stable 
monolayer, for possible device applications36,37. In this letter, we report that the saturation 
magnetization of CST increases by 23% (from 3.9 µB to 4.8 µB) upon the proton irradiation with 
the fluence of 1x1018/cm2. EPR studies show signatures associated with Cr3+ centers, and we 
observed no trace of magnetically active vacancies introduced after proton irradiation. Most likely, 
as reflected from XPS and Raman measurements, the modification of spin-lattice coupling and 
introduction of disorder upon proton irradiation could lead to enhancement in saturation 
magnetization.   
CST (mm in size) single crystals were prepared as reported previously32. A Quantum 
Design Physical Properties Measurements System with a temperature range of 2 – 300 K and 
magnetic field range of ±7 T was used for this study. The electron paramagnetic resonance (EPR) 
spectra were recorded on a Bruker EMX Plus X-band (~9.43 GHz) spectrometer, equipped with a 
high sensitivity probe head. A Cold-Edge™ ER 4112HV In-Cavity Cryo-Free VT system 
connected with an Oxford temperature measurements was used in combination with the EPR 
spectrometer. All the samples were carefully handled with nonmagnetic capsules and Teflon tapes 
to avoid contamination. The 2 MeV proton irradiation was performed by using a 1.7 MV Tandetron 
accelerator. This energy was chosen not to produce unwanted damage in the crystal. The projected 
range is 35 microns, and the damage profile has a relative flat distribution from the surface up to 
30 microns (supplementary information, Fig. S1). The beam current was 100 nA.  The beam spot 
size was 6mm × 6mm and the beam was rastered over an area of 1.2 cm x 1.2 cm to guarantee 
lateral beam uniformity.  The weak beam current and the beam rasterring reduce (< 50°C) the 
beam heating during the irradiation. The beam was filtered with multiple magnet bending devices 
to remove carbon contamination38,39. The vacuum during the irradiation was 6E-8 Torr or better. 
The application of liquid nitrogen trapping during irradiation was performed to improve vacuum. 
X-ray Photoelectron Spectroscopy (XPS) measurement was performed using a commercial 
Physical Electronics PHI 5000 VersaProbe system. The system is equipped with a monochromatic 
Al K-alpha X-ray source at 1486.6 eV with 100 um beam size. Compositional survey scans were 
obtained using a pass energy of 117.4 eV and an energy step of 0.5 eV. High-resolution detailed 
scans of each element were acquired using a pass energy of 23.5 eV and an energy step of 0.1 eV. 
Raman spectra were collected using a Renishaw Raman spectrometer using 532 nm laser 
wavelength excitation and a 50× optical microscope objective.  
Figure 1 shows the comparison of isothermal magnetization curves recorded at 2 K 
measured on both pristine (shown in blue) and irradiated (shown in red) CST crystal, in which the 
magnetic field was applied parallel to the c-axis of this crystal. Most strikingly, up on proton 
irradiation, there is a significant enhancement (23%) in saturation magnetization (MS) observed. 
The pristine CST crystals exhibited a MS of 3.9 µB. After exposure to protons, the MS of CST 
increases to 4.8 µB. This change is also accompanied by a noticeable increase in the coercive field 
(Hc) from ~ 465 Oe for pristine CST to ~ 542 Oe after irradiation. Such enhancement in 
magnetization has been reported previously from laser irradiated Nd0.7Sr0.3CoO3, Cr2O3, 
La0.5Pr0.5CrO3, Pr0.5Ca0.5Mn0.99Cr0.01O3 compounds
40–43, argued to be due to the increasing 
population of high spin states and formation of microscopic phase separation. We see no indication 
of exchange bias (shift in the hysteresis loop along the field axis), and that infers the absence of 
magnetic phase separation due to proton irradiation. This is consistent with the findings collected 
from the temperature dependent magnetization and EPR (see below) measurements.  
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Figure 2 presents the temperature-dependent magnetization performed in the H//c plane by 
employing both zero-field cooled (ZFC) and field (1kOe) cooled (FC) conditions. The TC is 
observed at around ~ 35 K for both pristine and irradiated CST crystal, which is in good agreement 
with previous reports published on pristine CST crystal32. This observation confirms that proton 
irradiation has no/minimal effect on TC. The TC remains unchanged even when the proton fluence 
was reduced to 5×1016/cm2 (data not shown). Notably, consistent with isothermal magnetization 
measurements (see, Fig. 1), temperature dependent magnetization measurements (see, Fig. 2) also 
show that there is a significant increase in the magnetization measured in the ferromagnetic phase 
(<35 K) of irradiated CST crystal. Furthermore, interestingly, as reflected in Fig. 2, we observed 
a larger bifurcation at 30 K between ZFC and FC arms of irradiated CST crystal compared to 
pristine CST crystal. This is an indication of stronger magnetic anisotropy present in the irradiated 
CST32. Curie-Weiss (CW) fits were performed (supplementary information, Fig. S2) on the inverse 
susceptibility vs. temperature (200-400 K) [1/χ (T)] curves, which gave an effective moment for 
pristine CST of 3.9 µB, consistent with the theoretical and experimental (spin-only) value of 3.87 
µB
33. After proton irradiation, CW fits present an effective moment of µeff = 4.8 µB. Similar 
observations were made when the measurements were performed with the magnetic field applied 
perpendicular to the c-axis of the crystal. These observations point out that there are no secondary 
magnetic impurities (such as Cr2Te3, TC = 240 K)
34 that would have been resulted upon proton 
exposure.   
EPR measurements are particularly useful to detect local minute magnetic phases, and 
better understand the microscopic mechanisms that lead to enhanced magnetization12,42,43upon 
irradiation. We have performed temperature dependent X-band (9.43 GHz) EPR measurements on 
both pristine and irradiated CST crystals. Figure 3 depicts the EPR signals measured (0-6000 G) 
at 10 K (ferromagnetic phase) for both the pristine (shown in black) and irradiated (shown in blue) 
crystals. We detected a single Dysonian-like EPR signal, originating from conduction carriers, 
from each crystal and see no additional EPR signals upon proton irradiation. A similar line shape 
was reported previously in the case of proton-irradiated graphite due to the conduction carriers12. 
This signal shape is consistent at all the temperatures from 10-50 K that we measured across TC 
on both of these crystals. In addition, both crystals show g-value of 1.95 and peak to peak EPR 
signal width of 600-650 G, which are the benchmark signatures of Cr3+ (S = 3/2)44–46.  That 
suggests the expected valence state of Cr is retained, and there are no additional vacancies 
produced that are magnetically active during the proton irradiation, consistent with the SRM 
damage profile (supplementary information). Most notably, a decrease in EPR signal intensity 
(proportional to number of paramagnetic centers) is observed up on proton irradiation, possibly, 
due to the defects in which the hydrogen atoms compensate for unpaired electrons are 
nonparamagnetic, and cannot be observed by EPR47. We did not detect EPR signal originating 
from localized paramagnetic spins, radiation-induced paramagnetic defects, and uncoordinated 
atoms such as vacancies that might have generated from proton irradiation. In contrast to the 
present work, Nakayama and co-authors have reported EPR signal intensity increased upon 
infrared photoexcitation on La0.5Pr0.5CrO3 and Cr2O3 compounds
42,43, possibly due to the irradiated 
photons excite the t2g electrons to the eg state. While various forms of hydrogen-adsorbed 
defects2,17 were suggested as origins of the localized magnetic moment, no hyperfine structure was 
apparent in our EPR spectra, which can be taken as a negative evidence for the hydrogen-adsorbed 
defects as an origin of the magnetic moment. Even if we consider that the enhanced magnetism is 
due to H-related defect, the expected magnetization would be 3 orders of magnitude smaller, which 
is clearly not the case here48.  
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To gain addition details, we performed XPS measurements (supplementary information, 
Fig. S3) on both the crystals. Our findings confirm the expected composition of the elements on 
both the crystals, though we detected unavoidable adventitious carbon49 and surface oxidation50. 
High-resolution XPS data were also collected (see Fig. 4 (a,b)) on both samples. Despite the strong 
overlap between Te 3d peak and Cr 2p peak, the much higher atomic concentration together with 
the larger sensitive factor of Tellurium51 make the spectra between 570 eV – 590 eV dominated 
by the Te 3d signal. This allows us to assign the major peak to be Te4+ (oxide phase) and Te2- 
(intrinsic phase) unambiguously (see, Fig. 4(a)). As it can be clearly seen, the intrinsic phase of Te 
is significantly increased in the irradiated sample compared to its pristine counterpart, as suggested 
in both 3d peak (Fig. 4(a)) and 3p3/2 peak (Fig. 4(b)) that will change the Cr-Te-Cr super exchange 
pathway. In addition, we noticed a strong suppression in the intensity of Raman peaks 
(supplementary information, Fig. S4) and significant shift in A3g mode from 139.4 to 136.8 cm-1 
(out-of-plane vibrations of Te atoms), and E3g mode remains practically constant at 118.4 cm-1 
upon proton irradiation. Noticeable shift in A3g phonon mode indicates spin-lattice coupling33 is 
modified upon proton irradiation due to the introduction of disorder. No additional peaks were 
detected from the proton irradiated CST. 
As discussed in the previous paragraphs, the observed increase in MS up on proton 
irradiation is 4.8 µB that corresponds to the Cr
2+, which is in high-spin (S = 2, 3d4 configuration) 
state52. Such change in the spin state is commonly observed in many spin-cross over compounds 
upon illumination53,54. In the present context, one would expect55 to see much sharper (~ 31 G) 
EPR signal related to Cr2+, and its super hyperfine structure. However, we did not see an explicit 
evidence of change in valence state from XPS and EPR measurements. That may infer that the 
charge transfer is transient (faster than nanoseconds), could not be captured in XPS and EPR 
measurements. Alternatively, due to its large zero-field splitting (D = -2.48 cm-1)56, it could not be 
detected at X-band (9.43 GHz) frequency employed in the present work, often higher frequencies 
(>20 GHz) need to be employed. The presence of Cr4+ (S = 1)57 is ruled out from the absence of 
doublet with the separation about 1900 G. The increase in magnetization is too large to be 
explained solely by the adsorption of protons implanted. In that context, regarding the origin of 
enhanced magnetization, among others, the modification in the spin-lattice coupling and 
introduction of disorder appear to be the most general one. Though proton irradiated CST retains 
the pristine crystal structure, our initial laboratory room temperature X-ray diffraction 
measurements could not yield conclusive evidence on the changes in the lattice parameters, bond 
angles, and bond lengths, which certainly requires additional work. In addition, we will perform 
temperature dependent synchrotron X-ray magnetism circular dichroism and coherent x-ray 
scattering measurements to probe the local electronic and magnetic structure at the atomic scale 
on both the crystals that might provide the exact mechanism underlying the increase in saturation 
magnetization upon proton irradiation.  
      In summary, proton irradiation (1x1018/cm2) on CST single crystal caused a significant 
increase (23%) in the saturation magnetization, and accompanied by increase in the coercive field 
and no change in TC. EPR measurements show no additional paramagnetic signals demonstrating 
that proton irradiation did not generate new magnetically active defects or vacancies in this 
material. XPS and Raman measurements infer that spin-lattice coupling is modified and disorder 
is introduced upon proton irradiation and that could enhance the saturation magnetization. While 
the exact mechanism needs additional work, these findings may help in tuning the magnetic 
properties of vdWs materials.  
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Figures 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1:  The magnetization vs. magnetic 
field curves for both pristine and irradiated 
CST crystals. M(H) measurements were 
performed when the magnetic field was 
applied parallel to the c-axis of the crystal.  
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Figure 2: Temperature dependent 
magnetization ZFC and FC curves 
collected in H//c plane. The FC curves were 
measured after the sample was cooled 
down with a 1 KOe field and measured with 
a  500 Oe field.  
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Figure 3: X-band (9.43 GHz) EPR spectra 
for pristine (in black)  and irradiated (in 
blue) CST, collected at 10 K. 
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Fig. 4: High-resolution detailed XPS scans for (a) Te 3d peak and (b) Te 3p3/2 peak 
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Fig. S1: SRM profile for proton irradiated CST crystal 
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Fig.S2: Curie-Weiss (CW) fits for pristine (a) and irradiated (b) CST crystals 
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Fig. S3: XPS survey scans for both pristine (a) and irradiated (b) CST crystals 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. S4: Raman spectra collected from pristine (shown in black) and irradiated (shown in blue) 
CST crystals 
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